Among short fiber reinforced composites, those with rubbery matrices have gained great importance due to the advantages they have in processing and low cost, coupled with high strength. These composites combine the elastic behavior of rubbers with strength and stiffness of fibers. Reinforcement with short fibers offers additional features such as design flexibility, high modulus, tear strength, etc. The degree of reinforcement depends on parameters such as: the nature of the rubber matrix, the type of fibers, the concentration and orientation of fibers, fiber to rubber adhesion (generation of a strong interface), fiber length and aspect ratio of the fibers.
INTRODUCTION
Fiber reinforced composites with the best mechanical properties are those with continuous fiber reinforcement. Such materials can not be adapted easily to mass production and are generally limited to products in which the property benefits outweigh the cost penalty. 1 Alternatively, short fibers are used to reinforce polymers in order to improve or modify the thermo-mechanical properties of the matrix for specific applications or to reduce the cost of the fabricated article. 2 By adding suitable fibers and by controlling factors such as the aspect ratio, the dispersion and orientation of the fibers, and the fiber-matrix adhesion, significant improvements in properties can be achieved with thermoplastic, thermosetting and rubber polymers. 1 Among different short fiber reinforced composites, those with rubber matrices are gaining increasing importance due to the advantages they impart in processing and low cost coupled with high strength. These composites combine the elastic behavior of rubber with strength and stiffness of the fibers. Moreover, reinforcement with short fibers offers some attractive features such as design flexibility, high modulus, tear strength, etc. Short fiber reinforced rubbers have been successfully used in production of V-belts, hoses, tire treads and complexshaped mechanical goods. 3, 4 Generally, the degree of reinforcement depends upon the nature of the matrix, the type of fibers, the concentration and orientation of the fibers, fiber to rubber adhesion (generation of a strong interface), fiber length and aspect ratio of the fibers. 3, 4, 5 Poor adhesion increases the critical fiber length, which is the minimum length of fibers needed for effective stress transfer, since mechanical friction at the interface must take the role of adhesion. Good adhesion can nearly double the tensile strength and elongation at break compared to a composite in which the adhesion is poor. 6 A common method to increase the adhesion is by fiber surface treatment using for example isocyanate or Resorcinol Formaldehyde Latex (RFL); the adhesive treatment for various types of fibers differs. The adhesive layer is applied on a cord by a so-called dipping process. Details of this process can be found elsewhere. 7 The concept of strength of the interfacial bond is not always clear. In case of perfect adhesion, the matrix or the fiber breaks before the interfacial bond. In absence of adhesion, essentially no work is required to separate the surfaces of the matrix and fiber phases even though the two surfaces may appear to be in contact. However, even in the case of no adhesion, work is required to pull a fiber out of a block of the matrix because of the squeezing force exerted on the fiber as a result of mismatch in coefficient of thermal expansion and cooling down of the composite from the fabrication temperature. Between perfect adhesion and no adhesion there can be many gradations. 6 In the present work, the reinforcement of two types of widely used rubbers, Ethylene Propylene Diene Rubber (EPDM) and Natural Rubber (NR) is investigated in the form of typical radiator hose and truck tire tread compounds, with short aramid fibers.
EXPERIMENTAL
Materials.-Twaron ® aramid short fibers were supplied by Teijin Aramid B.V., the Netherlands, with initial length of 3 mm and fiber diameter of 10-12 microns.
These fibers were chosen because of their significantly higher modulus and strength compared to other commercial fibers. 100 Bar pressure. In order to obtain the preferred orientation of the fibers, before putting into the mold, 20gr of each compound which was the amount needed to fill the mold, was passed several times through a two roll mill, to make a sheet which could fill the mold. The milling direction was considered as longitudinal direction of fiber orientation.
Tensile tests were done, using a Zwick Z1.0/TH1S tensile tester, speed 200 mm/min, in the longitudinal direction of fiber orientation on the samples containing each kind of treated fibers, and the fractured surfaces of tensile bars were studied with electron microscopy. Dynamic Mechanical Analysis was done on samples using a Metravib Viscoanalyser DMA+150, in strain sweep mode, at the frequency of 10Hz and ambient temperature.
RESULTS
Fiber length and dispersion.-Results obtained from studying fiber length and fiber dispersion in model gum stocks, the same compounds but without carbon black and oil,
showed that fiber length decreased during mixing. The weight average length obtained for fibers with different treatments in NR and EPDM was approximately between 2.3 to 2.7 mm. RFL-treated fibers ended up with higher length in both NR and EPDM after mixing compared to StF-coated fibers.
A dispersion study of the model gum stocks showed that fibers with StF-treatment don't disperse well in NR, tending to form agglomerates of fibers, while they disperse fairly well in EPDM: Figure 1 . RFL-treated fibers tend to form smaller agglomerates in both NR and EPDM matrices.
Reinforcement mechanisms and mechanical properties.- Figure 2 shows the tensile test results of the compounds without fibers (WF) and of those containing 5phr short fibers in longitudinal direction of fiber orientation. Adding fibers causes a drop in elongation at break and tensile strength, as expected 9 , but also results in higher stresses in both low and high strain regimes. Particularly eye-catching is that the reinforcement in sulfur-cured NR (A), especially with RFL-treated fibers is far less than in peroxide-cured EPDM (B). This is highlighted in Figure 3 , where the reinforcement factors: the ratio of the stress of a reinforced composite at a certain elongation to the stress of the corresponding compound without fiber at the same elongation, are compared. In the case of NR (A) no large effect of RFL fiber treatment is observed, while for EPDM (B) the effect of the RFL-coating is relatively high, particularly in the range of low elongations till even more than 100% strain. The tensile stress of peroxidecured EPDM (B) containing RFL-treated fibers increases fast in the beginning, reaching a shoulder, then decreases slightly and later on increases again. This indicates that at the beginning of the tensile test, at low strains, the applied load is mainly transferred to the fibers because of good interaction between peroxide-cured EPDM and the RFLtreated fibers. Apparently, this is not the case for NR. Additional proof for the adhesion of RFL-treated fibers to EPDM (B) compound is that just in that case, SEM pictures of the tensile fracture surface show rubber sticking to the fiber surfaces while in other samples no sign of fiber-rubber adhesion was observed: Figure 4 .
Considering the improvement in tensile properties of the composites containing fibers treated with standard finish, the increase in stress at both low and high elongations for all composites (A)-(D), and the lack of chemical adhesion between fibers and rubbers in most cases, it is clear that mechanical interaction is of main importance in this fiber reinforcement. The main origins of mechanical interaction have been identified in this study. The first one is roughness of the fiber surface because of fiber bending. Figure 5 shows two pictures of the surface of free standing aramid fibers, in the right picture the fiber is bended/ buckled, and Figure 6 shows a fiber in a tensile fracture surface. The surface becomes rough in bending due to the highly crystalline layer structure of these fibers. Bending/buckling happens a lot of times during mixing, causing this roughness to occur along the contour of the fibers. The second origin of mechanical interaction is fiber ends which have been deformed in the cutting process. It may be expected that, when RFL-treated fibers are added to peroxide-cured EPDM (B), because of the chemical bond between RFL and the bulk rubber matrix and the consequent increase in elastic modulus as a result of reinforcement, the tanδ could even be lower than for the compound without fibers. The reason that this doesn't happen is that in the production of the short fibers, RFL is applied on cords which consist of bundles of fibers, with the cord being cut later-on to make the short fibers.
There is always a considerable fraction of fibers which were in the middle of the bundles shown that in sulfur-cured NR, sulfur and accelerators migrate through the RFL-rubber interface and create bonds across the phase-boundery. 10, 11 The mechanism proposed was that sulfur forms bonds between the vinyl-pyridine latex in the RFL and the bulk rubber. From this perspective it was quite unexpected that the present results indicate a rather poor adhesion between RFL-treated short aramid-fibers and all sulfur-cured rubbers, whether NR or EPDM. This may be due to uneven RFL-coating on the various fibers, as cut out of RFL-treated multi-fiber cords. Even more surprising is that peroxidecuring gives better adhesion than sulfur-curing for all combinations, with RFL-as well as StF-fibers. Most conspicuous is the very good adhesion achieved between RFL-treated fibers and peroxide-cured EPDM. EPDM can well be vulcanized with peroxides and apparently the radicals generated during that process also manage to react with the surface of the untreated StF-fibers, and even more so with the RFL-layer around the others. Whether the latex-particles play here the main role or the resorcinolformaldehyde matrix is at this point not clear and needs further study.
It has been mentioned 12, 13 that RFL loses its adhesion properties with sulfur-cured rubber rather fast when exposed to air, which can be due to oxidation of the latexmoiety in the coating. This oxidation is quoted to be rather fast and happens just within a few days. It could therefore well be conceived that oxidation of the RFL-treated fibers is responsible for the phenomena observed. In our research, no clear sign of chemical bonding between RFL-treated short fibers and sulfur-cured NR was found. The effect of oxidation has also been investigated by using some RFL-coated short fibers which were provided well packed and sealed to prevent oxidation. Using those fibers in NRcompound (A), no difference in tensile properties were found, compared to the same compound with the same amount of RFL treated fibers, stored for quite a long time without particular precautions. Additional proof of no effect of oxidation can be found in the practice in industry: from the moment that RFL-treated cords are purchased from a fiber producing company, till the time that they are used in actual compounds, shipping and storage may take several weeks, while the rolls of these cords are not sealed in such a way that no oxygen can reach the cords. Commonly no differences in practical performance are seen in all cases. 
CONCLUSIONS

